In vitro activation of macrophage cell line J774G8 and mouse peritoneal macrophages resulted in oxygen-dependent and oxygen-independent killing of intracellular Toxoplasma gondii. Activation was characterized by oxygen-dependent killing detectable by enhanced lysosome fusion and digestion of T. gondii. The toxoplasmacidal activity of activated J774G8 cells and peritoneal macrophages was prevented by adding the oxygen intermediate scavengers catalase or superoxide dismutase during culture. Activated J774G8 cells and peritoneal macrophages also inhibited replication of those Toxoplasma organisms which survived the initial microbicidal activity. The inhibition of Toxoplasma replication was not significantly affected by exQgenous catalase or superoxide dismutase. Peritoneal macrophages from Toxoplasma-immune mice showed similar microbicidal and inhibitory responses, supporting the model that activation leads to destruction of intracellular parasites by two different mechanisms.
Toxoplasma gondii is an obligate intracellular parasite which resides in modified phagocytic vacuoles that fail to trigger oxygen intermediate formation (31) and resist fusion with lysosomes in mouse macrophages (10) . In contrast to the evasion of host-cell digestion by live Toxoplasma organisms, antibody-coated or heat-killed T. gondii organisms induce an elevated respiratory burst and as a result are killed and undergo lysosomal digestion (10, 16, 31) .
Peritoneal macrophages from Toxoplasma-immune mice or in vitro-activated macrophages have increased resistance to intracellular pathogens (1, 3, 25, 28) correlated with elevated respiratory burst activity (17) . The resulting levels of oxygen intermediates are lethal to T. gondii (16) , leading to high rates of lysosome fusion in immune macrophages (31) . Immune or in vitro-activated macrophages (11, 25) and lymphokine-treated fibroblasts (3, 7) also inhibit Toxoplasma replication in the absence of lysosomal digestion.
The present work examined the interaction of Toxoplasma organisms with J774G8 cells, a macrophage cell line capable of Fc and C3b receptor-mediated endocytosis (30) . Although J774G8 cells normally produce very low levels of oxygen intermediates, lymphokine treatment leads to elevated respiratory burst activity (14) , tumor cell killing (24) and Leishmania killing (14) . In vitro-activated J774G8 cells and mouse peritoneal macrophages (MPM) were used here to further examine oxygen-dependent and oxygen-independent killing of T. gondii.
MATERIALS AND METHODS
Parasite and cell culture. The RH strain of T. gondii was maintained by serial intraperitoneal passages in CF1 outbred mice (Charles River Laboratories) (31) . The C strain of T. gondii (23) was maintained in human fibroblast cultures grown in Dulbecco modified Eagle medium-10% heatinactivated fetal calf serum (HIFCS) (GIBCO Laboratories) (27) . Resident MPM harvested in calcium-magnesium-free phosphate-buffered saline (Irvine Scientific) were cultured for 24 h on 12-mm glass cover slips in RPMI 1640, 20 mM HEPES (N-2-hydroxyethylpiperazine-N-2'-ethanesulfonic acid) (GIBCO), 100 U of penicillin per ml and 100 ,g of streptomycin per ml (Pfizer Laboratories) containing 10% HIFCS (Hyclone Sterile Systems Inc.); complete culture media is hereafter referred to as CRPMI. Ellicited macrophages were harvested 3 days after a 1-cc intraperitoneal injection of 2% thioglycolate medium (BBL Microbiology Systems) and cultured in CRPMI. Toxoplasma-immune macrophages were harvested from chronically infected mice and cultured in CRPMI. For in vitro activation experiments J774G8 cells were plated on glass cover slips and cultured in RPMI 1640-15% HIFCS for 24 h before use. Cell cultures were negative for mycoplasma contamination as determined by regular subculturing, endotoxin negative (<0.007 nglml) as determined by the Limulus amebocyte assay (Associates of Cape Cod Inc.) and free of anti-Toxoplasma antibodies as determined by indirect fluorescent assay.
Immune lymphokine production. To produce chronic Toxoplasma infections, CF-1 mice were inoculated with 5 x 106 cells of the C strain of T. gondii, followed by 1 To examine the oxygen dependence of Toxoplasma killing, activated macrophages were cultured with the oxygen intermediate scavengers catalase and superoxide dismutase. Macrophage monolayers, activated in vitro with either ConA or Toxoplasma lymphokines were cultured for 4 h with superoxide dismutase (1 mg/ml, 3,250 U/mg; Sigma) or catalase (1 mg/ml, 11,000 U/mg; Sigma) before challenge with T. gondii and during all subsequent incubations.
(i) Acidic vesicle fusion. Fusion of lysosomes and other acidic organelles with macrophage vacuoles containing T. gondii organisms was evaluated 1 h after infection of monolayers prelabeled with acridine orange (AO) (13) . The percent of Toxoplasma-containig vacuoles that showed evidence of AO vesicle fusion was counted from 100 cells (n = 3) using a Leitz Ortholux II epifluorescence microscope. Photomicrographs were taken with a 40 x Fluorenz objective lens (N.A. 1.40) with a Nikon HFX automatic 35-mm camera and Kodak Tri-x film.
(ii) Nitroblue Tetrazolium (NBT) reduction. Macrophage monolayers were challenged with T. gondii in CRPMI containing 0.2 mg of NBT per ml (Sigma). Vacuoles containing T. gondii were scored after 1 h at 37°C as NBT-positive based on blue-black formazan deposit visible in bright-field examination of 100 cells (n = 3) (31).
(iii) Inhibition of Toxoplasma replication. Toxoplasma replication and the percentage of macrophages infected was evaluated by phase-contrast microscopic examination of 9-aminoacridine (0.4% in 50% ethanol-water) fixed monolayers at 1, 6, and 18 h postinfection from 100 cells (n = 3) (11, 12, 25) . The Student t test was used to determine statistically significant differences between means. with AO was used to quantify the intracellular fate of live versus heat-killed T. gondii organisms in normal macrophages (Fig. 1) . The extent of AO-vesicle fusion reached a maximum at 1 h postinfection (Fig. 2) and confirmed previous reports on the fate of live versus dead T. gondii organisms in normal macrophages (10, 31) . When live T. gondii cells are coated with specific antibody (heatinactivated) before infection, they enter into phagocytic vacuoles which undergo high rates of AO-vesicle fusion similar to that depicted in Fig. 2 for heat-killed Toxoplasma cells. The extent of AO-vesicle fusion (Fig. 2) agreed closely with the observed reduction in the percentage of Toxoplasma-infected macrophages between 1 h and 18 h postinfection (Fig. 3) .
RESULTS
In vitro activation of mouse peritoneal macrophages. The microbicidal state of normal, lymphokine-treated, and immune macrophages was evaluated based on the fate of intracellular T. gondii after in vitro infection. Normal peri- toneal macrophages cultured in CRPMI, CRPMI supplemented with thioglycolate, or CRPMI supplemented with control spleen supernatants plus thioglycolate all exhibited low levels of acidic vesicle fusion and NBT reduction (Fig.  4) . Toxoplasma replication was not inhibited under these culture conditions (Table 1) . Activation required both a source of endotoxin, provided by thioglycolate media, and either ConA or Toxoplasma-stimulated spleen cell lymphokines. Treatment of mouse macrophages with up to 50% ConA or Toxoplasma lymphokine-containing spleen cell supernatants did not result in activation in the absence of thioglycolate or a similar source of endotoxin. Macrophage activation due to lymphokine treatment in the presence of endotoxin resulted in elevated levels of AO-vesicle fusion and increased NBT reduction within vacuoles containing T. gondii (Fig. 4) . In addition, MPM treated with ConA or Toxoplasma-stimulated lymphokines significantly inhibited Toxoplasma replication, resulting in single parasites which remained morphologically intact, yet had failed to divide 18 h after infection (Table 1) . Immune macrophages cultured in CRPMI also showed high incidence of NBT-positive vacuoles, AO-vesicle fusion (Fig. 4) and inhibition of Toxoplasma replication (Table 1) .
In vitro activation of J774G8 cells. J774G8 cells cultured in CRPMI supplemented with 20% control spleen lymphokine- plus-thioglycolate medium exhibited low levels of acidic vesicle fusion with Toxoplasma-containing vacuoles (Fig. 5) . The replication of T. gondii in J774G8 cells was similar to that observed in normal MPM (Table 1) . However, J774G8 cells cultured with ConA or Toxoplasma-stimulated lymphokines-plus-thioglycolate medium showed characteristic activation as measured by killing of intracellular T. gondii. This activation was evident in high rates of AOvesicle fusion (Fig. 5) and inhibition of Toxoplasma replication (Table 1) . Activation of J774G8 cells also required a source of endotoxin provided by thioglycolate media.
No instances of NBT reduction were observed in J774G8 cell vacuoles containing T. gondii. In addition, no NBT reduction was observed when specific antibody-coated T. gondii organisms were used to infect both normal and lymphokine-activated J774G8 cells, although these conditions lead to high rates of NBT reduction in MPM (31) . In normal J774G8 cells, reduced NBT was observed infrequently (less than 5% of cell) as small, diffuse cytoplasmic granules. This pattern was observed in 25% of lymphokineactivated J774G8 cells but was not correlated with the presence of T. gondii.
Macrophage activation; reversal by oxygen intermediate scavengers. The effect of catalase and superoxide dismutase on activated macrophages was examined to determine the role of oxygen intermediates in toxoplasmacidal responses. Culturing activated macrophages for 4 h with either superoxide dismutase-or catalase-supplemented medium reversed the high level of AO-vesicle fusion exhibited by activated J774G8 cells and MPM. These levels of exogenously added scavengers had no affect on the survival of T. gondii in normal cells but greatly increased the percentage of T. gondii which escaped acidic vesicle fusion in activated cells (Fig. 5 and 6 ). However, neither superoxide dismutase not catalase reversed the inhibition of Toxoplasma replication characteristic of activated MPM or J774G8 cells (Table 2) . microbicidal capability of the host macrophage. Heat-killed or antibody-coated Toxoplasma-containing vacuoles underwent rapid and extensive fusion with AO-vesicles in normal MPM. However, live T. gondii organisms failed to fuse with AO-vesicles in MPM and normal J774G8 cells. The extent of acidic vesicle fusion within the first hour after infection closely matches the percentage of T. gondii organisms which are ultimately digested in lysosomes and agrees with previous reports concerning the fate of T. gondii in normal MPM (13, 18) .
A two-step activation sequence involving a general stimulus and a specific lymphokine is required for macrophage activation as demonstrated by killing of Leishmania spp. (5) and tumor cells (9, 21, 26) . Previous reports have indicated that heart infusion broth was necessary for lymphokine activation of MPM challenged with T. gondii (3, 12, 15) , which likely served as a source of endotoxin similar to thioglycolate medium used here. Immune or in vitroactivated MPM killed intracellular T. gondii rapidly by an oxygen-dependent mechanism evidenced by greater NBT reduction and AO-vesicle fusion. Elevated levels of lysosome fusion with intracellular microorganisms may be a general feature of lymphokine-activated macrophages as this also occurs in Toxoplasma-immune macrophages (10, 31) and when in vitro-activated MPM are challenged with Coccidiodes immitis (4 are protected by exogenous scavengers, they survive the initial microbicidal effects of activated MPM J774G8 macrophages and reside in vacuoles which resist lysosomal fusion. Consistent with this hypothesis, exogenous oxygen intermediate scavengers also protect T. gondii organisms from elevated levels of oxidative intermediates produced by immune macrophages (17, 18 (8) .
We report here that the capability of in vitro-activated J774G8 cells and mouse peritoneal macrophages to inhibit Toxoplasma replication is independent of oxygen intermediates and was not affected by exogenous oxygen intermediate scavengers. Additional evidence for the oxygen independence of inhibition activity comes from respiratory burstdeficient macrophages from patients with chronic granulomatous disease, which are activated in vitro by lympkokine treatment to inhibit Toxoplasma replication (15) . Significantly, cells which do not produce oxygen intermediates in association with endocytosis are capable of inhibiting Toxoplasma replication when treated with lymphokines (3, 7) . In fibroblasts, inhibition occurs by a process attributed to gamma interferon-induced degradation of tryptophan which limits Toxoplasma growth (21, 22, 29) . The presence of oxygen-independent inhibition of T. gondii organisms demonstrated here in activated J774G8 cells and MPM may indicate a similar mechanism in macrophages.
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